1. Introduction {#sec1}
===============

The diversity of cellular life on earth can be divided into three main domains: bacteria, archaea and eukaryotes [@bib1]. Eukaryotes are defined by the presence of an intracellular membrane-bound compartment that harbors the chromosomes, in contrast to bacteria and archaea -- commonly referred to as prokaryotes [@bib2]- in which chromosomes are contained in the cytosol. In addition to the nucleus, even the simplest eukaryotic cell displays an intricate network of intracellular membranes that define compartments, also known as organelles, in which specific biological processes take place. Some prokaryotes do display specialized sub-cellular domains such as magnetosomes in magnetotactic bacteria [@bib3] or photosynthetic thylakoids in cyanobacteria [@bib4]. In this regard, members of the *Planctomycetes*, *Verrucomicrobiae*, and *Chlamydiae* (PVC) bacterial superphylum are exceptional in that they exhibit an extensive intracellular membranous organization. However, detailed analysis has determined that these structures result from expansions of the plasma membrane, and that there is no physical separation of transcription and translation [@bib5]. Hence, in terms of the complexity of their subcellular organization, there is a great divide separating the simplest eukaryotic cell and the most complex cells among prokaryotes. In the absence of organisms with an intermediate complexity, we are left with the difficult question of how the intricate subcellular compartmentalization in eukaryotes originated in the first place. Solving this puzzle remains one of the fundamental challenges of evolutionary biology [@bib6]. This difficulty notwithstanding, several hypotheses have been put forward that explain the origin of different eukaryotic organelles. Assessing the validity of these hypotheses is extremely difficult, because they refer to very ancient events whose footprints have certainly been extensively altered and eroded in part, if not completely, through time. Consequently, we can only expect to obtain indirect evidence from these events. A sensible approach in these circumstances is to assess the plausibility of the proposed models in the context of our current biochemical, cellular and evolutionary knowledge, and contrast their predictions with the growing landscape of available genomic data.

It is not our intention to provide a comprehensive account of proposed evolutionary paths to eukaryotic compartmentalization in this review. Rather, we will just briefly mention the main hypotheses to later move on to discussing general concepts and issues regarding the origin and subsequent evolution of cellular compartments. In this regard a focus of the review is set on the evolutionary retargeting of proteins and pathways to other compartments, a theme which is not often included in reviews dealing with eukaryogenesis. In the first section a brief survey of the main proposed evolutionary scenarios for the principal types of organelles that can be found in a typical eukaryotic cell is presented. We discuss them in terms of their consistency with existing phylogenetic and biochemical data. Once a sub-cellular compartmentalization is in place, this provides an opportunity to separate metabolic processes that would otherwise interfere, but it also poses important requirements for the regulation of protein traffic. How proteins are distributed to the different compartments and how this process is regulated is discussed in the second section of this review. Furthermore, given a system to specifically sort a repertoire of proteins among a set of different compartments, there is a multitude of plausible arrangements that would result in different metabolic capacities. This, in turn, provides a new dimension for exploring the phenotypic space by altering the subcellular localization of proteins. Such re-wiring of the sub-cellular proteome is a well known mechanism that leads to functional differences between cells across different conditions or tissues, and recent evidence is showing that this rewiring also occurs during evolution. In the third section of the review we discuss evidence showing that subcellular retargeting has been common during the early and recent evolution of eukaryotes. Throughout the article we will focus on concrete examples related to the evolution of the mitochondrial and peroxisomal proteomes, two of the organelles whose evolutionary trajectories have been most extensively studied.

2. The origin of cellular compartments: endogenous vs exogenous routes {#sec2}
======================================================================

Current hypotheses on the evolutionary origin of eukaryotic organelles can be broadly divided into two main groups according to whether the organelle was formed from pre-existing structures within the cell (endogenous or autogenous) or from the interaction of different cells that established a symbiotic relationship (exogenous or xenogenous). It is important to note that these two different scenarios also confront different paradigms, in which either ramification (endogenous) or merging (exogenous) represents the main driving force of evolution. As we will see, these evolutionary paradigms, that do not necessarily exclude each other, have been confronted several times. Exogenous hypotheses take usually the form of organelles derived from ancestral (endo)symbiotic interactions between different cellular organisms. Such hypotheses are inherently attractive because they readily provide a mechanism for a preformed compartment with particular metabolic properties. Ideas of an endosymbiotic origin for plastids and mitochondria have been around since the early times of cellular microscopy [@bib7], [@bib8], but these were only broadly discussed later, when Lynn Margulis proposed the serial endosymbiotic theory [@bib9]. This theory extended the idea of exogenous origins beyond plastids and mitochondria, proposing bacterial origins for the basal bodies of flagella. These endosymbiotic ideas initially received heavy opposition, but they were broadly accepted-at least for mitochondria and plastids-by the 1980s, after compelling evidence was found that these two organelles harbored their own bacterial-like genome and translation machinery [@bib10], [@bib11]. These early confirmatory results fueled the search for exogenous origins for other organelles, and many hypotheses were put forward that explain the origin of organelles in terms of symbiotic interactions among prokaryotes ([Fig. 1](#fig1){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}). As mentioned above, Lynn Margulis argued that eukaryotic flagella descend from bacterial structures, through the fusion of a spirochete cell with an archaeon, also giving rise to the cytoskeleton [@bib9]. The proposal was made on the basis of morphological similarities, but also on the observation of spirochete attachments to the plasma membrane of some anaerobic protists, which were used as motility organelles [@bib12]. Even for the nucleus, exogenous origins have been suggested. In most of these models the nucleus would descend from an archaeal cell that established endosymbiosis within a bacterial host (for a review see Ref. [@bib13]). A bacterial endosymbiotic origin was also proposed for peroxisomes soon after it was realized that new peroxisomes can form out of pre-existing ones through growth and division (see below). However in most cases the quest for a definitive evidence of endosymbiotic origin of the type that is available for mitochondria and plastids has been elusive. For instance, in the case of cytoskeleton, and flagellar bodies in particular, subsequent molecular comparative analysis failed to show a signal of spirochete ancestry among the corresponding proteins. Instead many of them proved to be eukaryotic-specific or only distantly related to prokaryotic groups other than spirochetes, as in the case of actin and tubulin, the major structural components of cytoskeleton [@bib14]. Similarly, accumulating data has not definitely supported so far any particular scenario of a supposed endosymbiotic origin for the nucleus, and there is no current consensus as to this point. In the case of peroxisomes molecular data similarly did not reveal any particularly strong footprint of the peroxisomal proteome for any bacterial group. All in all, given that mitochondria and plastids are the only DNA bearing organelles other than the nucleus, there has been no clear evidence pointing to an endosymbiotic origin of other DNA-lacking eukaryotic organelles. However, this cannot be taken as definitive evidence of endogenous origin, as there are examples of complete genome loss in mitochondria, as it is the case for mitosomes and hydrogenosomes. This makes evolutionary models for the origin of organelles difficult to test.

The absence of confirmatory evidence for many proposed exogenous model cooled down symbiotic enthusiasm, and prompted researchers to envision alternative, endogenous scenarios ([Fig. 1](#fig1){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}), with no fewer mechanistic and conceptual difficulties. As the endosymbiotic origin of eukaryotic flagella was never widely accepted by the scientific community, models of the gradual development of eukaryotic cytoskeleton in a stepwise manner were developed. As in all aspects of eukaryogenesis, we have no evidence of how such a process could have evolved, as intermediate steps are missing from the records, but prevailing models consider cytoskeleton to have evolved from an archaeal-like host and before the last eukaryotic common ancestor [@bib14]. For the endomembrane system, including the nuclear envelop, a step-wise development through pre-existing membranes has been proposed. In some models this is presented as a direct response to stimulus from the mitochondrial endosymbiont, as in the case of the hydrogen hypothesis [@bib15]. Similarly, several lines of evidence coming from molecular data and cell biological observations reinforced autogenous models for the origin of the peroxisome. Indeed, the peroxisome is one paradigmatic case in which preferred hypotheses for the origin of the organelles have shifted from exogenous to endogenous scenarios [@bib16]. Based on the observation that peroxisomes, similarly to mitochondria and plastids, multiply by division of prexisting ones, and that they posses a translocation machinery for the import of proteins synthesized in the cytosol, Christian de Duve postulated an endosymbiotic origin of this organelle [@bib17]. In his view, peroxisomes descended from a prokaryotic endosymbiont able to cope with oxidative damage, which provided an essential advantage to the eukaryotic ancestor at a time when molecular oxygen was rising in the earth\'s atmosphere. The absence of an organellar genome and the diversity of metabolic pathways in peroxisomes from different lineages suggested a very ancestral endosymbiosis -probably predating that of mitochondria-of a metabolically complex ancestor. This complex ancestor would have later diversified by differential loss of pathways in the different lineages, while always keeping a central role in the management of reactive oxygen species. This view was later challenged by a growing disparity of peroxisomal metabolic pathways as new lineages of microbial eukaryotes were analyzed, and by the finding of ontogenic and evolutionary connections between these organelles and the endomembrane system. In particular, the protein translocation machinery, which is fundamentally different from those involved in protein import to mitochondria and peroxisomes, was found to be homologous to the Endoplasmic Reticulum Associated Decay (ERAD) system [@bib18], [@bib19], [@bib20]. This evolutionary connection fitted recent experimental data showing the budding of new peroxisomes from the Endoplasmic Reticulum in certain yeast mutants [@bib21]. Altogether, these data supported an emergent alternative scenario in which peroxisomes originated endogenously, being yet other type of off-shots of the endomembrane system. Although this view is now broadly accepted, the specific scenario in which peroxisomes arose, and what were the evolutionary forces that drove the process remain under debate [@bib22], [@bib23], [@bib24].

3. Directing the traffic: protein sorting mechanisms {#sec3}
====================================================

With the exception of the relatively few that are encoded by the mitochondrial and plastid genomes, proteins are synthetized in cytosolic ribosomes and are directed post-translationally to their final destination by means of an intricate system of sorting routes. At its core, a subcellular sorting mechanism has two main components. First, a targeting signal, which is contained within the polypeptide chain or in the folded structure of the protein. Secondly, specific soluble receptors, which recognize these signals and direct the proteins to a specific membrane-associated translocation machinery that drives the insertion of the protein in the lumen or membrane of a particular compartment. The specificity of this sorting mechanism is defined by a so-called "sorting code" in which different signals are recognized by specific receptors and translocons. Similarly to the epigenetic code [@bib25], the sorting code is not static and postranslational modifications and conformational changes can activate or deactivate a given signal. In addition, the targeting of the same protein to more than one different compartment, perhaps under different physiological conditions, is common, indicating that different targeting signals can coexist.

The diversity and fundamental differences of some of the targeting signals and translocation systems indicate that at least several types of sorting mechanisms have originated independently. Conversely, some sorting systems have more or less obvious similarities at the sequence and the mechanistic level that indicate that the sorting pathways have also diversified by duplication and co-option of their components. One such example is the peroxisomal import machinery, which shows remarkable homology and mechanistic parallels to the ERAD system [@bib19]. Interestingly, this system was later co-opted in alga and apicomplexan parasites, which have obtained plastids by secondary endocytosis, i.e. endocytosis of an alga containing a primary plastid. In these organisms ERAD homologs form the symbiont-specific ERAD-like machinery (SELMA) system, a pre-protein translocation machinery that directs proteins to the secondary plastids in these organisms [@bib26]. It has been proposed that the efficiency of ancestral targeting systems enabled massive subcellular retargeting across compartments [@bib27]. Indeed it is tempting to envision that, in a context with soft-targeting rules and pervasive dual targeting of proteins, the retargeting of multiple inter-related enzymes such as those acting on the same pathway may have been more plausible. Conversely, this model implies that the relocalization of proteins would have become more and more unlikely as the sorting mechanisms increased their specificity.

4. Diversity and evolutionary variation of sub-cellular proteomes {#sec4}
=================================================================

Organelles are dynamic entities. Morphological differences between the same organelles in different species, cell-types, or physiological conditions have been noted [@bib28], [@bib29]. These differences were also observed in the form of the presence of different metabolic properties, which indicated that different enzymatic functions were targeted to the same organelles in different cell-types, organisms or under different physiological conditions. For instance, in mammals, mitochondria from different types of skeletal muscle fibers have significant morphological and physiological differences. Indeed, the aerobic type I muscle fibers contain many mitochondria and rely on oxidative phosphorylation for the production of ATP and can oxidize glycolytic products but also fatty acids and ketones. In contrast mitochondria of Type IIa fibers are numerous but smaller than those in Type I, and can only oxidize glycolytic products. Finally, Type IIb fibers contain few mitochondria, harbor high levels of glycogen and mainly produce ATP via anaerobic glycolysis. Similarly large differences have been found in almost any other type of eukaryotic organelle. More recently, the possibility to target the localization of specific proteins and perform proteomic analysis of specific compartments allowed examination of the actual protein repertoire of a given organelle across different species, tissues, or conditions [@bib28]. These analyses have revealed that organellar proteomes not only differ from cell type to cell type but also that they respond dynamically to several types of perturbations. In this review we will limit our discussion to differences across organellar composition in different lineages because they reveal the evolutionary dynamics of organellar proteomes and provide evidence for the existence of evolutionary retargeting, which will be the focus of the next section.

Considering that an organelle\'s proteome is variable across tissues and conditions, the comparison of organellar proteomes across different species is a complex task and goes well beyond efficiently recognising orthologs across the compared species. An absolute description of the proteome of an organelle in a given species would ideally include all proteins targeted therein in any set of physiological conditions and tissues. Alternatively one can limit the comparison to physiological conditions that are largely comparable across the considered species, which is not an easy task for species that are relatively distant. In practice, most comprehensive subcellular catalogs have been built for several species by compiling available data from numerous experiments performed under different conditions with different techniques and in various labs. Although still an approximation, these catalogs are useful to provide an idea of how variable an organellar proteome is across lineages. Large subcellular proteomic datasets have been compiled for mitochondria in human, rat, mouse, and baker\'s yeast [@bib30]. By comparing such broad datasets in human and yeast, it has been estimated that the mitochondria of these two species share only about 42--46% of their total proteome [@bib31]. This low degree of overlap is remarkable considering that the two species belong to the same broad clade of eukaryotes (opisthokonts). The common mitochondrial proteomic set includes many core mitochondrial pathways, such as most of the oxidative phosphorylation complexes, the assembly of Fe--S clusters, most of the proteins of the mitochondrial carrier family, and the protein synthesis and import machineries. Examples of proteins that are present in mitochondria from human but absent from those in yeast include NADH:ubiquinone oxidoreductase (Complex I), fatty acid beta-oxidation, steroid biogenesis, and the apoptotic Bcl2-family signaling pathway. Conversely, trehalose synthesis, glycerone-P metabolism, and starch and sucrose degradation appear to be specific for yeast mitochondria. While a fraction of the pathways that are present differentially in the two species correspond to differential loss of genes in the corresponding lineages (e.g. loss of Complex I in Saccharomycotina), a significant fraction do have orthologs in the other species, but the encoded proteins and pathways have different subcellular destinations. This is the case of beta-oxidation of long-chain fatty acids, which has a mitochondrial localization in mammals but it is peroxisomal in yeast.

5. Proteins on the move: re-targeting as an evolutionary playground {#sec5}
===================================================================

The observed diversity of the proteome composition in organelles across different lineages points to the existence of evolutionary retargeting events, i.e. the alteration of the sub-cellular localization of a protein throughout evolution. How often this happens and what are the evolutionary forces that play a role in this process is still a matter of study. As explained above, the targeting signals are generally encoded by short stretches of amino acid sequences. Hence, any given protein is not many mutations away from acquiring or losing a given targeting signal. A concrete example that serves to illustrate this point is provided by the evolution of the subcellular localization of the alanine:glyoxylate aminotransferase (AGT), which has altered its subcellular localization in numerous occasions during the evolution of mammals in parallel to changes in dietary habits. This enzyme tends to be localized to mitochondria in carnivores (including insectivores), to peroxisomes in herbivores, and usually displays a dual localization to both organelles in omnivores [@bib32]. AGT catalyzes the detoxification of the intermediary metabolite glyoxylate to glycine, thereby preventing its oxidation to oxalate. Oxalate accumulation is toxic because its calcium salt is poorly soluble, leading to the formation of harmful crystals in the kidney and urinary tract. Obviously, for AGT to efficiently prevent calcium oxalate crystals it has to be localized precisely at the site of glyoxylate synthesis. The best evidence of a deleterious effect of an incorrect subcellular localization of AGT is found in humans, where a single point mutation causing mistargeting of AGT to mitochondria, instead of peroxisomes, is potentially lethal in patients suffering from kidney stone disease primary hyperoxaluria type 1 (PH1) [@bib33]. Notably the site of glyoxylate production is likely to be different in herbivores and carnivores, because the main precursor for glyoxylate is either glycolate (metabolized in peroxisomes) or hydroxyproline (metabolized in mitochondria), respectively [@bib34]. Accordingly, the relative localization of the enzyme correlates with diet in different species, and has changed at least three times during the evolution of mammals in lineages where the diet has shifted: bats, primates, and the order carnivora ([Fig. 2](#fig2){ref-type="fig"}). Most significantly, among members of the carnivora, the shift from mitochondrial localization to peroxisomal localization in the lineage leading to the Giant panda, a strict herbivore, has been associated to an excess of non-synonymous changes in the region coding for the mitochondrial targeting signal. These changes, in turn, resulted in a reduced efficiency of mitochondrial targeting and an increase of peroxisomal localization in the Giant panda as compared to its omnivorous close relatives. This is a prime example of how natural selection can drive the relocalization of proteins to different compartments. In other documented examples a gene duplication has predated the retargeting event, in which one of the two resulting paralogous genes is targeted to a new compartment [@bib19]. In this regard, it is interesting to note that pairs of paralogs are more likely to display a different subcellular localization as compared to orthologs and that subcellular localization is the ontology category that shows stronger differences in the behavior of orthologs and paralogs [@bib35].

To gain a more comprehensive insight into the extent of retargeting between the different organelles we compared experimentally-based annotations of homologous proteins from model organisms. For this we defined protein families by combining gene trees of homologous proteins found in PhylomeDB [@bib36] and tracked how often experimentally-based annotations of different subcellular locations, as documented by the Gene Ontology annotations at Uniprot [@bib37], were co-occurring (see [Fig. 3](#fig3){ref-type="fig"} legend for further details). The results of this rough survey show that, in a minimal estimate, 32% of eukaryotic protein families had at least two homologous proteins targeted to different compartments, which is evidence for at least one event of retargeting. Thus, at this evolutionary scale, re-localization of proteins to different compartments has been rampant. The particular arrangements of the observed co-occurrences among different compartments ([Fig. 3](#fig3){ref-type="fig"}) suggest that any possible retargeting between two compartments is possible, but some combinations are more common than others. This may reflect underlying topological, evolutionary and functional links among the organelles. Strikingly, almost two thirds of the peroxisomal proteome corresponds to proteins with homologs re-targeted to or from mitochondria, more than half to or from nucleus, whereas fewer of them have homologs localized to the other compartments. Nonetheless, we observe a significant overlap between the nuclear envelope, the plasma membrane and the endomembrane system, pointing to a pool of protein families alternatively targeted to these organelles or dually localized among them. Future studies that exploit a larger body of subcellular localization and genomic data will help establishing the dynamics of evolutionary retargeting in more detail.

6. Concluding remarks {#sec6}
=====================

The subcellular compartmentalization of eukaryotic cells is complex and offers the possibility of selectively isolating metabolic processes and biochemical reactions that may interfere with each other. The targeting of proteins to the different locations is tightly regulated in a time and spacial manner. Accumulating evidence show that many proteins have been retargeted through evolution and that organellar proteomes have been shaped significantly. This process has likely played a major role in the adaptation of organisms to different environments, a role that we are now just starting to understand. On the other hand evolutionary retargeting blurs the evolutionary signal of organellar ancestry and complicates its reconstruction, adding to the other challenges of elucidating early eukaryotic evolution. The study of evolutionary retargeting of proteins is in its infancy. We now have a growing number of interesting examples but lack comprehensive studies that expand complete proteomes across various taxa. The scarcity of reliable annotations for subcellular localizations in non-model organisms prevents obtaining accurate figures, but early analyses suggest that evolutionary retargeting has been -and currently is-rampant, providing a new tinkering tool for evolution. Improvements in large-scale determination of subcellular retargeting, and growing genomic and proteomic datasets for a larger diversity of eukaryotes will certainly help us in understanding this important evolutionary process.
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![Eukaryotic compartments. Schematic representation of a generalized eukaryotic cell showing the main compartments. For simplicity, and because there is agreement on their common origin, we have grouped into the single category "endomembrane system" the endoplasmic reticulum, Golgi apparatus, lysosomes, vacuoles, vesicles, and endosomes. Main hypotheses regarding the origins of these organelles are reviewed in [Table 1](#tbl1){ref-type="table"}. Figure has been modified from wikipedia.](gr1){#fig1}

![Subcellular retargeting of AGT in relation to diet. NCBI taxonomy tree of 24 species indicating the relation between the subcellular distribution of alanine:glyoxylate aminotransferase (AGT) in liver cells and their diet. M: mitochondrial, P: peroxisomal. Carniv: carnivorous, Omniv:omnivorous, Herbiv: herbivorous, Carniv--Omniv: mainly carnivorous, but some plant material eaten, Herbiv--Omniv:mainly herbivorous, but some animal material eaten. Adapted from Ref. [@bib38]. ETE was used for tree visualization [@bib39].](gr2){#fig2}

![Degree of retargeting between the different eukaryotic compartments. The frequency of co-occurrence of different organellar location within the same protein family is indicated as a heatmap. The count (in parentheses) indicates the number of proteins from the same family targeted to both organelles (alternatively in different species, or dually-targeted in the same species). Percentages refer to the fraction of protein families targeted to both organelles compared to the overall size of the proteome of a given organelle (in the diagonal), in a row-wise manner. Notably, almost 2/3 of the peroxisomal proteome comprises protein families with members that localize in mitochondria. Retargeting was evaluated by looking at the co-occurrence of the various localizations within the same protein families. We defined the families by combining phylogenetic trees from two phylomes containing mostly model organisms (PhylomeIDs 500 and 502) and fusing trees with overlapping sequences based on UPGMA clustering [@bib36]. Subsequently, for any possible pair of two compartments, we counted the number of times that two distinct experimentally-based annotations of subcellular localization co-occurred in the same family and plotted in a heat-map the counts and the percentage over the total number of families in that organelle. For a term to be considered for a protein family, at least 2 annotated proteins with the given term were required. Only annotation terms based on actual experiments were considered.](gr3){#fig3}

###### 

Main hypotheses regarding the exogenous or endogenous origin of the different organelles (See [Fig. 1](#fig1){ref-type="fig"}).

  Organelle             Autogenous origin                                 Symbiotic/Endosymbiotic origin
  --------------------- ------------------------------------------------- ---------------------------------------
  Nucleus               [@bib2], [@bib13], [@bib15], [@bib40], [@bib41]   [@bib42], [@bib43], [@bib44]
  Cytoskeleton          [@bib14], [@bib45]                                [@bib46], [@bib47], [@bib48]
  Endomembrane system   [@bib15], [@bib49]                                [@bib42], [@bib50]
  Mitochondria          [@bib51]                                          [@bib9], [@bib45], [@bib46], [@bib52]
  Plastids                                                                [@bib46], [@bib53], [@bib54]
  Peroxisomes           [@bib16], [@bib19], [@bib20]                      [@bib17], [@bib55]
